Background
==========

Lung function is the result of a close interaction between the respiratory pump, lung parenchyma and pulmonary circulation. As diseases of the respiratory system can affect each of these components, a clear differentiation between the individual contributors to a functional impairment is essential for adequate diagnostics and treatment. Many pulmonary diseases, especially in their initial phase, present a variable regional involvement of ventilation and perfusion. Thus, mismatch between these two components may occur.

In the last decades various techniques have been established to measure the lung function. Pulmonary function tests (PFTs) including spirometry and body plethysmography remain the main tools for measurements of lung volumes, air-flow and resistance \[[@b1-poljradiol-77-1-37]\]. For better disease characterization they can be used in combination with other procedures such as arterial blood gas partial pressure analysis, breathing gas analysis, carbon monoxide diffusion capacity. However, all these methods provide only global parameters of lung function, therefore are often nonspecific to differentiate lung diseases, or not sensitive enough to detect early functional lung damage, especially in case of heterogeneous ventilation and perfusion abnormalities \[[@b2-poljradiol-77-1-37]\]. Moreover, it is difficult to perform PTFs in young children because the measured parameters are dependent upon the patient's compliance, e.g. their ability to perform the appropriate maneuver properly. A more powerful method to analyze pulmonary gas exchange is the multiple inert gas elimination technique (MIGET) \[[@b3-poljradiol-77-1-37]\], which allows for partial assessment of lung heterogeneity and determination of ventilation-perfusion ratio. This is possible by measuring the mixed arterial, venous, and expired concentrations of six infused inert gases \[[@b4-poljradiol-77-1-37]\]. The main limitations of MIGET are high technical demand, invasiveness and analysis based on complex mathematical models.

Another possibility to measure ventilation inhomogeneity is the multiple breath wash out method (MBW). This method is based on the inhalation of inert gases, in the majority of cases sulfur hexafluoride (SF~6~) together with a mixture of helium, nitrogen and oxygen in a specific concentration. The exhaled gas concentrations are measured at the mouth either by mass spectrometry \[[@b5-poljradiol-77-1-37]\] or by mainstream ultrasonic flow sensors \[[@b6-poljradiol-77-1-37]\] and a lung clearance index (LCI) is calculated. Although LCI is able to determine early ventilation inhomogeneities in the human lung, its use is limited due to the lack of commercially available equipment and the demanding accomplishment of the procedure and interpretation of data \[[@b7-poljradiol-77-1-37]\].

For the aforementioned reasons, imaging techniques are of particular interest to detect regional variations in lung function. Imaging modalities allow for a deeper regional insight into pathophysiological processes and enable improved planning of invasive procedures as well as noninvasive monitoring of therapeutic response. The conventional chest radiography is traditionally used to monitor lung structure, yet it provides no functional information. In clinical routine imaging of the lung function has been primarily restricted to methods based on the application of radioactive labeled tracers, such as planar scintigraphy \[[@b8-poljradiol-77-1-37]\] and single photon emission computed tomography (SPECT) \[[@b9-poljradiol-77-1-37]\], the latter providing three-dimensional images. Ventilation measurement is performed by inhalation of ^99,m^Tc-Technegas, ^127^Xe or ^133^Xe, and perfusion by intravenous administration of ^99,m^Tc macroaggregated albumin. The ventilation/perfusion ratio can be studied also using the positron emission tomography (PET) \[[@b10-poljradiol-77-1-37]\]. Besides harmful exposure of patients to ionizing radiation and time consuming examinations, nuclear imaging modalities have a relatively low spatial resolution and poor signal-to-noise ratio, which may lead to inconclusive diagnosis in case of subtle changes in lung function. Additionally, as they provide only static information there is no possibility to track fast physiological processes. Computer tomography (CT) and CT angiography have been established as routine clinical tools for assessment of lung parenchyma and blood vessels structure. In the last years dual-energy xenon- or iodine-enhanced computed tomography (CT) have been intensively investigated for ventilation and perfusion measurements \[[@b11-poljradiol-77-1-37],[@b12-poljradiol-77-1-37]\]. For CT the most important advantages are high spatial resolution with short-examination times. However, high spatial resolution obtained by CT and especially when using ventilation-perfusion CT, is unfortunately associated with a relevant radiation exposure and limits its value for repetitive follow-up examinations in young adults, children, or pregnant women \[[@b13-poljradiol-77-1-37],[@b14-poljradiol-77-1-37]\].

In contrast to CT and the nuclear medicine techniques, magnetic resonance imaging (MRI), a radiation free imaging modality, relies on magnetic properties of atoms possessing spin e.g. hydrogen contained in water or organic molecules in body tissues. MRI uses a strong magnetic field to measure signal induced with radio frequency waves of rotating magnetic moments. Thus, repeated or time-resolved measurements of lung dynamics are harmless for patients, if an allowed specific absorption rate is not exceeded. This fact opened the possibility to develop a broad spectrum of techniques in the last years providing information regarding different aspects of the pulmonary physiology and pathophysiology. Various parameters obtained with these techniques are used to analyze global lung function such as inspiratory or expiratory lung volumes \[[@b15-poljradiol-77-1-37]\], two- or three-dimensional respiratory dynamics \[[@b16-poljradiol-77-1-37],[@b17-poljradiol-77-1-37]\], or regional lung function such as measurements of ventilation, pulmonary perfusion and diffusion. For the clinical application of lung MRI general contraindications (metallic implants, cardiac pacemaker) are valid. Another limiting factor for MRI is of economic nature and related to relatively high costs of examinations as well as the access problem especially to more sophisticated techniques requiring dedicated hardware or trained personnel. Hence, simple and easily implementable MRI based techniques are highly desirable. It is the goal of this article to provide an overview of selected MRI techniques for the assessment of the lung ventilation and perfusion.

Challenges of Lung MRI
======================

Chest MRI as a radiation-free alternative has been explored since the 1990s \[[@b18-poljradiol-77-1-37]\]. It was successfully applied for diagnosis of mediastinal tumors, chest wall masses, or cardiac and large vessel imaging \[[@b19-poljradiol-77-1-37],[@b20-poljradiol-77-1-37]\]. Initially lung parenchyma was not possible to be visualized using MRI. A constant progress in MR technology has also increased the value of this modality for pulmonary parenchymal imaging. Nevertheless, there are several technical and methodological reasons why studying of morphology and function of the lung using MRI is challenging. The major problem is associated with the unique foam like structure of the pulmonary parenchyma in a weight of approximately 1 kg distributed over a volume of 4 to 6 liters. Predominance of air within the pulmonary tissue implies a very low proton density in comparison to other parts of the body. Furthermore, the density of the lung decreases with age \[[@b21-poljradiol-77-1-37]\]. A large number of air-tissue and air-liquid interfaces in lung alveoli leads to local field inhomogeneities, which induces high susceptibility differences on intra-voxel scales responsible for phase dispersion of spins and rapid signal loss. Susceptibility effects are dominant on MR systems with increasing magnetic field strength. On a standard clinical 1.5T MR-scanner the effective transverse relaxation time T~2~^\*^ in lung parenchyma is extremely short of about 1--2 ms, the transverse relaxation time T~2~ is in range of 30--80 ms and influenced by significant molecular diffusion \[[@b22-poljradiol-77-1-37]\]. On the other hand, the longitudinal relaxation time T~1~ of 1100 to 1500 ms is relatively long \[[@b23-poljradiol-77-1-37]\]. Thus, going to higher magnetic field strengths in this case is problematic but possible \[[@b24-poljradiol-77-1-37]\]. The second problem of lung imaging is the continuous motion of all surrounding anatomical structures induced by pulsation of vessels, cardiac motion, but first of all by the respiratory movement.

In order to overcome these restrictions, new MR pulse sequences were developed and optimized for morphological and functional clinical chest protocols \[[@b25-poljradiol-77-1-37]\]. These robust pulse sequences use fast two- or three-dimensional techniques with short echo sampling to acquire the rapidly decaying signal. Application of multi-channel phased array coils allows for further acceleration of the data acquisition by using clinically available parallel imaging techniques such as generalized autocalibrating partially parallel acquisitions (GRAPPA) \[[@b26-poljradiol-77-1-37]\] or sensitivity encoding (SENSE) \[[@b27-poljradiol-77-1-37]\]. As a result the influence of motion can be partially suppressed. The simplest way in which the respiratory motion can be reduced is breath-holding. During a single inspiratory or expiratory breath-hold, images of the whole-lung volume can be acquired in about 20 s. However, for patients in poor condition breath-hold can be very demanding. A very popular method uses a navigator sequence to track the diaphragm movement during respiration. The use of navigator echoes allows the patient to continue breathing during the scan, and automatically triggers an imaging sequence to acquire data in an appropriate respiratory phase. During acquisition of the diagnostic data the navigator has to be turned off. Some of recently developed sequences have a build-in navigator for respiratory self-gating \[[@b28-poljradiol-77-1-37]\]. The artifacts associated with cardiac motion and blood pulsation can be minimized using either electrocardiogram monitoring or finger pulse sensor. The main drawback of gating techniques is remarkably prolonged acquisition time. As an alternative solution, other *k*-space sampling schemes characterized by intrinsic robustness against motion such as radial trajectory can be applied \[[@b29-poljradiol-77-1-37]\].

Current standard thorax imaging protocols comprise fast breath-hold sequences: fat-saturated T1-weighted three-dimensional gradient echo (3D GRE) known as volumetric interpolated breathhold acquisition (VIBE), T2-weighted half-Fourier acquisition single-shot turbo spin-echo (HASTE), as well as free-breathing sequences: balanced steady-state free precession (bSSFP), fat-saturated segmented radial turbo spin echo sequence with periodically rotated overlapping parallel lines with enhanced reconstruction (PROPELLER) aka BLADE \[[@b25-poljradiol-77-1-37]\] ([Figure 1A--D](#f1-poljradiol-77-1-37){ref-type="fig"}). Contrast-enhanced protocol includes 3D GRE (volumetric interpolated breath-hold acquisition), high resolution angiography ([Figure 1E](#f1-poljradiol-77-1-37){ref-type="fig"}), as well as perfusion measurement using dynamic contrast-enhanced MRI ([Figure 1F](#f1-poljradiol-77-1-37){ref-type="fig"}), a technique described in detail in the further part of this article.

Hyperpolarized Gas Lung MRI
===========================

Not only hydrogen but also all nuclear magnetic resonance sensitive atoms can be used to generate MRI signal. For instance, inert noble gases possessing spin 1/2 such as ^3^He and ^129^Xe may serve as gaseous tracers that allow visualization of the ventilated airways and alveolar spaces. Since the density of these gases is too low to produce detectable signal, optical pumping must be applied to increase the amount of polarization per unit volume of gas. Two different techniques are used to polarize ^3^He: spin exchange optical pumping (SEOP) \[[@b30-poljradiol-77-1-37],[@b31-poljradiol-77-1-37]\] by the indirect transfer of angular moment from a laser source to the nucleus, or meta-stable spin exchange optical pumping (MEOP) \[[@b32-poljradiol-77-1-37]\] where a radio frequency discharge promotes a fraction of atoms into a metastable state and allows for direct transfer of the angular momentum from laser to the nucleus. With the use of this process, the so called hyperpolarization is obtained by increasing the difference between spin populations defined by the Boltzmann distribution by a factor of∼10^5^. The magnetization decays with a characteristic relaxation time T~1~ and is nonreversible. The gas can be stored for a period of a few days, which is sufficient to transport it to other imaging centers \[[@b33-poljradiol-77-1-37]\]. Hyperpolarized helium-3 is usually delivered to the subject for inhalation as a mixture with a larger volume of nitrogen. Due to the contact with paramagnetic oxygen in the lung the T~1~ of the hyper-polarized ^3^He is on order of 20--30 s, which is long enough to acquire the data from the whole lung volume. First images of the human lung using hyperpolarized ^3^He were obtained in mid 1990s \[[@b34-poljradiol-77-1-37],[@b35-poljradiol-77-1-37]\]. Since that time, the imaging methodology greatly improved and provides excellent quality to assess lung static and dynamic ventilation. Other applications in human studies include imaging of breathing dynamics \[[@b36-poljradiol-77-1-37],[@b37-poljradiol-77-1-37]\], estimation of the apparent diffusion coefficient by exploiting the high diffusivity of helium \[[@b38-poljradiol-77-1-37],[@b39-poljradiol-77-1-37]\], or measurements of oxygen partial pressure when ^3^He is delivered for inhalation with a fraction of O~2~ instead of N~2~ \[[@b40-poljradiol-77-1-37],[@b41-poljradiol-77-1-37]\].

During the last years, a significant clinical experience using ^3^He MRI has been documented in the literature \[[@b42-poljradiol-77-1-37],[@b43-poljradiol-77-1-37]\]. The technique has found application in studies of different pulmonary diseases including asthma \[[@b44-poljradiol-77-1-37]--[@b46-poljradiol-77-1-37]\], chronic obstructive lung disease (COPD) \[[@b47-poljradiol-77-1-37]--[@b49-poljradiol-77-1-37]\], cystic fibrosis \[[@b50-poljradiol-77-1-37]--[@b52-poljradiol-77-1-37]\], or bronchiolitis obliterans syndrome after lung transplantation \[[@b53-poljradiol-77-1-37]--[@b55-poljradiol-77-1-37]\]. Unlike in healthy subjects, where ventilation is homogenous throughout the lung and air spaces are filled simultaneously in all lung regions ([Figure 2](#f2-poljradiol-77-1-37){ref-type="fig"}) in patients with airway diseases the ventilation distribution is patchy and none simultaneously. Despite the great potential of hyperpolarized ^3^He MRI the main obstacle for its widespread clinical application is its limited supply, the sophisticated technical equipment for hyperpolarization and finally the very high price of the helium-3 isotope \[[@b56-poljradiol-77-1-37]\].

Another noble gas that can be used for MRI is ^129^Xe. First experiments with hyperpolarized ^129^Xe MRI were performed in the 1990s \[[@b57-poljradiol-77-1-37],[@b58-poljradiol-77-1-37]\]. Due to the high natural abundance, it is much easier available for medical purposes in comparison to ^3^He. Currently researchers are focused to translate the ^3^He MRI methodology for xenon-129 based imaging. Despite the fact that it is more difficult to achieve high enough polarization using the SEOP method in ^129^Xe, new efficient polarization systems have been constructed \[[@b59-poljradiol-77-1-37],[@b60-poljradiol-77-1-37]\]. However, xenon-129 is characterized by a almost three times lower gyromagnetic ratio, therefore less MR signal can be detected. It exhibits relatively high solubility in blood and tissues as well as sensitivity to the environment, which results in a large chemical shift of about ∼200 ppm relative to the gas-phase resonance frequency. This allows the acquisition of functional parameters characterizing the gas exchange but also gas uptake by imaging the dissolved-phase \[[@b61-poljradiol-77-1-37]\]. Recent work of Mugler et al. presents the possibility of gas- and dissolved-phase acquisition during a single scan \[[@b62-poljradiol-77-1-37]\]. By using xenon's diffusion property with xenon transfer contrast or chemical shift saturation recovery, various microstructure parameters including alveolar-volume ratio, blood-gas barrier thickness, and surface-to-volume ratio can be determined \[[@b63-poljradiol-77-1-37],[@b64-poljradiol-77-1-37]\]. The major drawback of xenon-129 associated with solubility is its anesthetic property \[[@b65-poljradiol-77-1-37]\]. Therefore, the gas concentration must be kept on a safe level with continuous monitoring of the blood oxygenation level. The clinical experience with ^129^Xe lung MRI is still limited to first case studies in groups of COPD and asthma subjects \[[@b66-poljradiol-77-1-37],[@b67-poljradiol-77-1-37]\]. Thus, its safety and tolerability is a topic of current investigations.

Due to the recent advances in the polarization and imaging methodology, a quality comparable to ^3^He MRI can be achieved by ^129^Xe. Both hyperpolarized imaging techniques allow for the measurement of the whole-chest within a single breathhold using 5 to 10 mm thick sections with up to 1 mm in-plane resolution. For implementations on a 1.5T and 3T field strength, multi-slice 2D or 3D acquisitions with fast low angle shot (FLASH) or balanced steady-state free precession (bSSFP) sequences are generally used \[[@b68-poljradiol-77-1-37]\].

In view of a the requirement for sophisticated equipment and relatively high production costs of hyperpolarized tracers these imaging techniques are so far only available at a limited number of research centers and not validated yet for clinical use.

Oxygen Enhanced MRI
===================

Application of molecular oxygen as a contrast medium for conventional ^1^H MRI of the lung was first suggested by Edelman et al. \[[@b69-poljradiol-77-1-37]\]. Inhalation of oxygen-enriched gas increases the partial oxygen pressure in the pulmonary alveoli and the oxygen diffusion from alveoli into the blood capillaries \[[@b70-poljradiol-77-1-37]\]. Paramagnetic properties of dissolved molecular oxygen and deoxyhemoglobin cause a T~1~-shortening effect, which is proportional to the oxygen concentration in the inhaled gas \[[@b71-poljradiol-77-1-37]\]. The reduced relaxation time enhances the signal intensity in T~1~-weighted imaging, and allows for determination of regional oxygen transfer influenced by pulmonary ventilation, perfusion and diffusion. Thus, regions with impeded lung function can be visualized. Since the application of oxygen-enhanced (OE) MRI is easy to implement and inexpensive, different studies have been conducted for evaluation of this technique.

The simplest way in which the imaging can be performed is by acquisition of two separate data sets. The first set of images is measured when breathing room air. Subsequently, oxygen at a flow rate of 15--25 L/min is administered through a mask for several minutes to achieve a steady-state concentration in the lung, which continues during the acquisition of the second data set. A subtraction image or a map showing relative difference of the signal enhancement can be calculated. [Figure 3](#f3-poljradiol-77-1-37){ref-type="fig"} shows an example of oxygen-enhanced images obtain in a healthy volunteer. The image acquisition of both sets is performed in breath-hold, as a consequence misregistration artifacts especially in the diaphragmatic regions may occur. To minimize this effect triggering or image registration techniques must be applied \[[@b72-poljradiol-77-1-37],[@b73-poljradiol-77-1-37]\]. Also the influence of the blood flow and cardiac pulsation on the signal intensity should not be neglected. The second imaging method is based on the data acquisition during the wash-in process. Analysis of the signal slope for different concentration of oxygen provides additional information allowing for calculation of so-called oxygen transfer function, which can correlate with a pulmonary pathology \[[@b74-poljradiol-77-1-37],[@b75-poljradiol-77-1-37]\].

Furthermore, using OE MRI it is also possible to measure regional changes of T~2~\* \[[@b76-poljradiol-77-1-37]\]. This approach, however, is very difficult since the measured change in the extremely short relaxation time is minimal. To summarize, OE MRI is a safe and easily implementable method to assess the lung function. For a routine clinical use, the major disadvantage of this technique is very long examination time. Thus, the majority of studies were limited to acquire only single or several 2D slices. Secondly, OE MRI does not provide a direct measure of ventilation; it is influenced by pulmonary perfusion and oxygen diffusion.

Perfusion Dynamic Contrast-Enhanced MRI
=======================================

Evaluation of lung perfusion is of particular interest for diagnosis of different pulmonary diseases. Pulmonary perfusion is strongly influenced by regional ventilation. Both parameters are kept in balance, which is required for efficient gas exchange. Hypoxic vasoconstriction plays here a significant role to prevent localized ventilation/perfusion mismatching by reduction of the blood flow to the unventilated lung regions \[[@b77-poljradiol-77-1-37]\]. In other cases the perfusion can be reduced without impairment of ventilation as a result of pulmonary embolism.

Several MRI techniques have been described to image lung perfusion. The well-established and increasingly popular method, which has shown a particular usefulness for diagnosis and differentiation of different lung pathologies, is known as dynamic contrast-enhanced (DCE) imaging \[[@b78-poljradiol-77-1-37]\]. The basic principle of DCE MRI is time-resolved data acquisition following an intravenous bolus injection of a paramagnetic contrast agent such as gadolinium diethylenetraminepentaacetic acid (Gd-DTPA). The injected contrast agent circulates through the body and diffuses into the extravascular extracellular space. Increase of the local contrast agent concentration results in a reduction of the longitudinal relaxation time T~1~ and signal enhancement in a voxel. Application of 3D T1-weighted sequences enables tracking the signal enhancement in the whole lungs as the contrast passes through the pulmonary circulation. The acquired data can be analyzed by visual assessment, calculation of descriptive parameters, or quantitative parameters using different tracer kinetic theories \[[@b79-poljradiol-77-1-37]\]. For the visual assessment of DCE MRI often a simple subtraction of the data obtained during the peak signal enhancement and before contrast agent administration is used. Regions with reduced parenchymal perfusion are identified as areas of low contrast enhancement ([Figures 1F](#f1-poljradiol-77-1-37){ref-type="fig"} and [6A](#f6-poljradiol-77-1-37){ref-type="fig"}). This method, however, neglects the majority of information contained in the temporal component of the dynamic acquisition. Another simple and practical analysis of DCE images is based on estimation of additional parameters describing the signal curve such as time to peak enhancement, bolus arrival time, and maximum enhancement \[[@b80-poljradiol-77-1-37]\] ([Figure 4](#f4-poljradiol-77-1-37){ref-type="fig"}). By combining this approach with statistical analysis of the semi-quantitative parameters and automatic lung segmentation is possible to estimate percentage of perfusion defects per lung region, which is similar to the information usually obtained from SPECT data \[[@b81-poljradiol-77-1-37]\]. A more complex analysis of pulmonary perfusion using the indicator dilution theory allows for quantitative estimation of pulmonary blood volume, pulmonary blood flow and mean transit time \[[@b78-poljradiol-77-1-37],[@b82-poljradiol-77-1-37]--[@b84-poljradiol-77-1-37]\]. The calculations are based on pixel-wise numerical deconvolution of the contrast concentration curve and arterial input function obtained from the time-resolved data set. In order to obtain correct physiological values it is important to assure a linear relationship between the local contrast agent concentration and MR signal intensity \[[@b85-poljradiol-77-1-37]\], which is given only at very low concentrations of applied contrast media. Furthermore, the results can be strongly influenced by respiratory motion and high noise level.

Different studies have been performed for the evaluation of the diagnostic value of DCE MRI in patients with pulmonary embolism \[[@b86-poljradiol-77-1-37],[@b87-poljradiol-77-1-37]\], COPD \[[@b88-poljradiol-77-1-37]\], cystic fibrosis \[[@b89-poljradiol-77-1-37],[@b90-poljradiol-77-1-37]\], pulmonary hypertension \[[@b91-poljradiol-77-1-37],[@b92-poljradiol-77-1-37]\], as well as in oncologic field for detection of bronchial carcinoma, or evaluation of postoperative lung function \[[@b93-poljradiol-77-1-37]\]. The technique was also validated against standard clinical tools including scintigraphy, SPECT and CT \[[@b93-poljradiol-77-1-37],[@b94-poljradiol-77-1-37]\] as well as tested for its reproducibility \[[@b95-poljradiol-77-1-37]\]. Up to now it is the best validated MR perfusion imaging method with well documented clinical impact in the early diagnosis of cystic fibrosis and the assessment of therapy response \[[@b96-poljradiol-77-1-37],[@b97-poljradiol-77-1-37]\].

Current imaging protocols for DCE MRI include 3D fast low angle shot (FLASH), time-resolved echo-shared angiographic technique (TREAT), time-resolved imaging of contrast kinetics (TRICKS), or time resolved angiography with interleaved stochastic trajectories (TWIST) imaging sequences \[[@b98-poljradiol-77-1-37]--[@b100-poljradiol-77-1-37]\]. By application of parallel imaging and view sharing techniques these sequences offer a very good spatial and temporal resolution of about 1.5×1.5 mm^2^ with 5 mm section thickness and the acquisition rate of 2 volumes per second.

Despite the fact that gadolinium based contrast agents are generally well tolerated by the vast majority of patients there is a limit in the total amount of contrast material, which can be introduced intravenously to the patient in a given period of time, limiting the number of possible acquisitions. There are known risks associated with the use gadolinium based contrast agent, which include acute allergic reactions and a possibility of development of nephrogenic systemic fibrosis in patients with severely impaired renal function \[[@b101-poljradiol-77-1-37],[@b102-poljradiol-77-1-37]\]. Furthermore, administration of contrast agents should be also carefully considered in neonates or infants up to one year of age because the effect of Gd-DTPA on the still developing kidney in these age groups is not well understood.

Non-Contrast-Enhanced Imaging Techniques
========================================

So far, all presented techniques in this article require the administration of gaseous tracers or injection of intravenous contrast media for assessment of pulmonary ventilation and perfusion. In the last years, alternative non-contrast-enhanced imaging methods have received much attention. One of them is pulmonary perfusion arterial spin labeling (ASL) MRI \[[@b103-poljradiol-77-1-37],[@b104-poljradiol-77-1-37]\]. This technique is well-known from cerebral perfusion measurements. It uses magnetically-tagged water protons in arterial blood as a contrast bolus to measure blood delivery to the lung tissue. Blood is tagged by application of radio frequency pulses to invert the magnetization. ASL is based on acquisition of so-called control and tag images at the same anatomical location using different schemes of magnetization inversion \[[@b105-poljradiol-77-1-37]\]. A perfusion map is produced by subtraction of these images and application of a quantitative model for estimation of the pulmonary blood flow \[[@b106-poljradiol-77-1-37]\]. Nevertheless, the implementation of this non-invasive technique for thoracic imaging is difficult due to respiratory motion and signal change induced by pulmonary blood flow. Image acquisition is usually performed using an ECG-triggered 2D HASTE sequence at 1.5 T. To measure the small signal difference in the lung parenchyma a certain number of averages is required to obtain reasonable signal-to-noise ratio, which can significantly prolong the examination time.

Recently, a two-compartment inversion recovery (TCIR) technique was proposed for quantitative regional estimation of the fractional pulmonary blood volume (fPBV) without the application of contrast media \[[@b107-poljradiol-77-1-37]\]. The method assumes that total signal measured in the lung parenchyma arises from intravascular and extravascular protons. By performing a series of inversion recovery experiments it is possible to separate both signal components characterized by different longitudinal relaxation times, resulting in a map of the fPBV. Similarly to ASL this technique is based on ECG-triggered 2D HASTE sequence and is able to produce high resolution maps of the fPBV. [Figure 5](#f5-poljradiol-77-1-37){ref-type="fig"} shows an example of a fPBV map measured in a healthy volunteer.

One of the latest developments in the field of functional lung ^1^H MRI is known as Fourier decomposition (FD) method \[[@b108-poljradiol-77-1-37],[@b109-poljradiol-77-1-37]\]. This non-invasive technique provides both ventilation-weighted (Vw) and perfusion-weighted (Qw) information from a single acquisition series and requires no administration of contrast media, as well as no further patient compliance such as repeated, or prolonged breath hold. The imaging is performed using a 2D multi-slice time-resolved bSSFP pulse sequence in free breathing. In order to increase the signal intensity from the lung parenchyma an asymmetric sampling of very short echo time combined with parallel imaging is applied. Each image within the acquired data set is registered to a chosen reference image for correction of respiratory motion \[[@b110-poljradiol-77-1-37]\]. Two physiological processes, respiration and cardiac cycle influence the signal intensity in the lung by the deformation of the pulmonary tissue and blood dependent signal dephasing, respectively \[[@b111-poljradiol-77-1-37],[@b112-poljradiol-77-1-37]\]. Signal intensity values are measured during expiration and diastolic heart phase are higher than the values in inspiration and systolic phase. Pixel-wise Fourier analysis can be used to separate these periodic signal intensity variations at the respiratory and cardiac frequencies. Amplitude of the regional signal intensity modulation is used to generate Vw and Qw images. The technique was recently qualitatively validated with the clinical gold-standard ventilation/perfusion SPECT measurements in a large-scale animal model \[[@b113-poljradiol-77-1-37]\]. Nevertheless, the quantitative signal analysis in FD MRI is still a subject to further investigation. Initial studies in healthy volunteers and cystic fibrosis patients have shown the feasibility of this technique to detect functional lung changes \[[@b114-poljradiol-77-1-37]\]. [Figure 6](#f6-poljradiol-77-1-37){ref-type="fig"} shows Vw and Qw images obtained in a cystic fibrosis patient in comparison to DCE MRI from a corresponding slice location. The technique is implementable on routine clinical equipment and requires 10--15 minutes examination time to cover the whole lung volume.

Conclusions
===========

Along with the progress in the MR technology the functional lung imaging undergoes a dynamic evolution. Development of new approaches for the assessment of the lung function is motivated by scientific questions regarding the human lung physiology and pathophygiology of pulmonary diseases, as well as by the need for fast and robust clinically applicable imaging techniques. Functional lung parameters obtained using MRI provide often complementary information to standard imaging modalities. The strength of MRI is especially notable in the field of dynamic imaging allowing for tracking fast physiological changes in regional ventilation and perfusion. Due to the increasing availability, MRI can be a promising ionizing-free alternative to techniques like computed tomography or nuclear medicine techniques for the evaluation of lung function.

![Images acquired in a 16 years old male patient with suspected Swyer James syndrome using different MR pulse sequences. The top row shows native coronal image obtained using bSSFP sequence (**A**) as well as transversal HASTE (**B**) and BLADE (**C**) acquisitions. In the bottom row 3D post-contrast transversal VIBE image (**D**) is shown. Of notice: bronchial wall thickening of the central left lower lobe bronchi (arrows) is visible in the transversal morphological images. The minimal intension projection (MIP) of a contrast enhanced FLASH 3D angiography shows rarefied pulmonary vessels in the left lower lobe (arrow) (**E**). Subtraction map of contrast enhanced MRI-perfusion measured with a TWIST sequence in the lung parenchymal phase visualizes a perfusion defect in the corresponding lobe (arrow).](poljradiol-77-1-37-g001){#f1-poljradiol-77-1-37}

![Coronal hyperpolarized ^3^He MR ventilation images from a healthy subject and three patients with CF. Patients with CF have more ventilation defects than the healthy subject, and the number of defects increases with worsening FEV~1~ (%predicted). From: Mentore K, et al., reprinted with permission from Ref. \[[@b51-poljradiol-77-1-37]\].](poljradiol-77-1-37-g002){#f2-poljradiol-77-1-37}

![Oxygen-enhanced subtraction MR images in four coronal slices of a healthy volunteer acquired using an ECG-triggered HASTE pulse sequence in breathhold. Images courtesy of F. Molinari (Department of Bioimaging and Radiological Sciences, Catholic University of Rome, Italy).](poljradiol-77-1-37-g003){#f3-poljradiol-77-1-37}

![Morphological coronal bSSFP image (**A**) acquired in a 55 year old patient with bronchial carcinoma stage III (arrow) in the right upper lobe. DCE MRI was used to calculate the maps of the maximum contrast enhancement (**B**) and time to peak (**C**). The signal amplitude in parenchymal tissue in the upper lobe of the right lung is remarkably reduced on the maximum contrast enhanced map (arrows). Time to peak map shows delay in contrast agent inflow to the cancerous tissue (arrow).](poljradiol-77-1-37-g004){#f4-poljradiol-77-1-37}

![The map shows a homogenous distribution of the fractional pulmonary blood volume (fPBV) within the lung parenchyma of a healthy volunteer. Small vessels as well as the aorta are distinctly displayed. The hilar region shows scattered noticeably small fPBV-values. This can be ascribed to residual pulsation artifacts near major blood vessels. Remaining diaphragmatic movement explains artifacts at the thoracic-abdominal interface.](poljradiol-77-1-37-g005){#f5-poljradiol-77-1-37}

![Coronal images acquired in a 5 year old male cystic fibrosis patient. DCE MRI (**A**) shows perfusion defects in the lower lobes of the right and left lung. Identical pattern of regions with reduced perfusion can be recognized on contrast agent free perfusion-weighted FD MRI (**B**). Furthermore, the ventilation-weighted FD MRI (**C**) shows decreased percental change of the pulmonary tissue density in underperfused lung areas, visualizing areas of reduced ventilation (**C**) and hypoxic vasoconstriction (**B**).](poljradiol-77-1-37-g006){#f6-poljradiol-77-1-37}
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